Aimed at obtaining low loading and high active Pt-based catalysts for the electro-oxidation of small organic molecule fuels, a novel tripod and concave nanocubes (CNCs) Pt-Ni alloy catalysts were synthesized through a simple wet chemistry method. The concentration of iodine, nickel ions and reaction temperature were found to be partially responsible for the formation of such structures. Electro-catalytic tests demonstrated that the specific activity of the as-prepared catalyst was close to 558 μA/cm 2 , which is almost 2 times than that of commercial Pt/C catalyst (289 μA/cm 2 ) for ethylene glycol (EG) electro-oxidation. © 2014 The Electrochemical Society. [DOI: 10.1149/2.0031412eel] All rights reserved.
Owing to the high activity for the electro-oxidation of small organic molecule fuels (SOMs), platinum nanoparticles have been widely used as catalysts for polymer electrolyte fuel cells (PEFCs). 1 Generally, the shape, size, composition and structure are the important parameters that determine the catalytic activity of Pt-based catalysts. 2 Recently, mastery over the shape of a nanocrystal has been extensively studied to improve the catalytic activity through modifying the surface atomic arrangement of particles. 3 However, its scarcity in nature and high cost are prohibitive for its widespread application. Therefore, the substitution of pure Pt catalysts with less expensive 3d-transition metals (Cu, Fe, Co, Ni, etc.) has been extensively studied. 4, 5 Moreover, it has been reported that the catalytic properties and poisoning resistance of bimetallic nanostructures are superior to the pure Pt catalyst. 6 Among them, Pt-Ni alloy, which has aroused great interest as electro-catalysts in PEFCs, is a relatively promising catalyst for SOMs in acidic media. 7, 8 For example, Xia et al. reported the synthesis of Pt 3 Ni octahedra by using oleylamine and oleic acid as surfactants, and CO decomposed from W(CO) 6 as a capping agent for (111) facets in the presence of Ni. 9 Besides, some special shapes of Pt-Ni alloys were also prepared successfully, such as face-centered cubic (fcc) and tetrahedral nanoparticles. 10, 11 However, most reported nanostructures with convex shapes are enclosed by low-index (111), (100), (110) facets and almost all of these nanoparticles were synthesized in an organic solvent. 12, 13 In this paper, the fabrication of Pt-Ni alloy symmetrical planar tripod and CNCs with high index facets were demonstrated by using iodine and nickel ions in formaldehyde solution for the first time. The factors of the synthesis, including the concentrations of iodine ion, Ni precursor and reaction temperature, were systematically explored in this work.
Experimental
Materials synthesis.-In a standard procedure, H 2 PtCl 6 · 6H 2 O (19.3 mM), KI (996.0 mg), Ni(CH 3 COO) 2 · 4H 2 O (3.4 mg) and Poly(vinyl pyrrolidone) (PVP; MW = 30000, 333.0 mg) were mixed with HCHO (8.0 mL), and the mixture was ultrasonicated to form a homogeneous solution. Then the resulting homogeneous brown solution was transferred to a 20 mL Teflon-lined stainless steel autoclave and maintained at 200
• C for 18 h in oven. After having been cooled to room temperature naturally, the black precipitate was collected by centrifugation and washed several times with an ethanol-water mixture. The final products were dispersed in ethanol for further characterization.
Materials characterizations.-The transmission electron microscopy (TEM) images were taken on JEM-2100 at 200 kV that was furnished with an Energy dispersive X-ray (EDS) micro-analyzer z E-mail: hzhyangwh@163.com (INCA Energy, Oxford Instruments, UK). X-ray diffraction (XRD) spectra were recorded on a Rigaku SmartLab 3 kW diffractometer with Cu K α radiation (λ = 0.15405 nm).
Electrochemical tests.-The working electrode is a glassy carbon electrode (GCE, 3.5 mm in diameter) embedded into a Teflon holder. Prior to the electrochemical test, the GCE was mechanically polished successively with 5, 1, and 0.3 μm alumina powder and sonicated in distilled water. All the measured catalyst was dispersed into ethanol and then spread on the GC electrode respectively. As soon as the electrode was dried under an infrared lamp, 5 μL Nafion diluents (0.05 wt% Nafions solution) were coated onto the electrode surface. All electrochemical measurements were carried out in a standard threeelectrode cell working with a 263A potentiostat (EG&G).
Results and Discussion
The TEM images of Figure 1a -1c reveals that the as-synthesized products are Pt-Ni alloy tripod and CNCs. The tripods reach an average arm length of 280 nm and the average edge length of the CNCs is 50 nm. The EDS pattern reveals a 15:1 atomic ratio of Pt/Ni for Pt-Ni alloy tripod and CNCs (Figure 1d ). The decrease in the stoichiometric ratio (Pt/Ni) from 3:1 (feeding ratio of precursors) to 15:1 (atomic ratio of the product) indicates a somewhat more complete reduction of platinum precursor than Ni precursor. According to XRD date (Figure 1e ), Pt-Ni alloy displays four broad diffraction peaks, which can be indexed to the {111}, {200}, {220}, and {311} planes of the face-centered-cubic (fcc). As observed, the diffraction peaks of the Pt-Ni alloy are slightly shifted to higher 2θ values compared to the patterns of the pure Pt, confirming that only a small quantity of Ni precursor has been reduced. The results are also consistent with the previous results of Figure 1d . Figure 2 shows the TEM images of Pt-Ni alloy nanostructures synthesized with different amount of KI while keeping the other parameters identical. With a low amount of KI, small particles nearly nanocubes (NCs) were observed ( Figure 2a) . As the amount of KI was increased, the tripod began to appear and the length of the tripods branches also increased (Figure 2b) , well-dispersed Pt-Ni alloy tripod and CNCs were produced (Figure 2c ) at 966 mg KI. However, at 1162 mg KI, a much excessive amount, agglomeration with no specific shape would appear (Figure 2d ). It could be concluded from these experimental results that I − ions were the dominant shape-directing basics in the formation of tripod structure.
The influence of temperature on the Pt-Ni alloy tripod and CNCs was further investigated (Figure 3a) . When the reaction temperature was 120
• C, very large (about 60 nm) and block structure was observed. As the temperature increased to 160
• C (Figure 3b ), well-defined tripod and CNCs were produced. However, Ni(CH 3 COO) 2 could not be reduced at low temperature. With further increasing the reaction temperature to 200
• C (Figure 3c ), the crystal size of branches in the tripod and the edge length of CNCs were favorable to be enlarged. It was proposed that the temperature has a significant impact on the reduction of Ni 2+ . The effect of Ni 2+ concentration in reactants on this structure was explored for small amounts of Ni being reduced. The tripod and irregular-shaped blocky structure were produced in the absence of Ni precursor (Figure 4a) , implying that the formation of tripod was irrelevant to the concentration of Ni 2+ . Well-defined tripod and CNCs were obtained at 3.4 mg Ni(CH 3 COO) 2 · 4H 2 O (Figure 4b ). When the amount of Ni(CH 3 COO) 2 · 4H 2 O was increased to 10.2 mg (Figure 4c ), the structure of the CNCs became less obvious. It could be understood from these experimental results that Ni 2+ concentration played an important role in the formation of CNCs and had little effect on the formation of tripod.
To examine the shape effects on the electrochemical properties of as-prepared Pt-Ni alloy tripod and CNCs, the electro-oxidations of EG on the home-made NCs (Figure 2a , abbreviated as cube), Pt tripod and CNCs (Figure 3b , abbreviated as Pt-160
• C) and commercial Pt/C catalysts were tested. As shown in Figure 5a , compared with commercial Pt/C, the second-cycle cyclic voltammogram (CV) curve of Pt-Ni alloy catalysts demonstrates no characteristic Ni redox peaks in the range of 0-0.4 V, indicating that the Pt-Ni alloys were in core region, which were coated by the Pt atoms, and the formation of Pt-rich surfaces. Figure 5b plots the CV of these catalysts in 0.5 M H 2 SO 4 solution at a scan rate of 50 mV/s. The electrochemically active surface area (ECSA) was estimated from the hydrogen adsorption/desorption charges using CV data, assuming 210 μC/cm 2 . Furthermore, the amount of Pt loading was determined by spectrophotometric method. 14, 15 All the specific current density (j) was normalized to the ECSA. Figure 5c shows the electro-catalytic performance of these catalysts toward EG oxidation, which was investigated in 0.5 M H 2 SO 4 solution containing 0.5 M EG. It is clear that the Pt-Ni alloy exhibited relatively high electro-catalytic activity than those of home-made NCs, Pt-160
• C and the commercial Pt/C catalysts, with about 1.4 times, 1.8 times and 2 times respectively for the peak current in. The higher EG oxidation current density on Pt-Ni alloy is further confirmed by the chronoamperometric (CA) measurements performed at 0.6 V for 1800 s (Figure 5d ). CA curves indicate that the current density of Pt-Ni alloy is higher than that of these catalysts for the entire time course, which further verifies that the Pt-Ni alloy exhibit better electro-catalytic performance in the EG oxidation reaction.
Conclusions
In summary, we have demonstrated a facile way to synthesis morphology-controlled Pt-Ni alloy tripod and CNCs. The keys to the formation of these morphologies were the concentrations of I − , Ni 2+ and temperature. The Pt-Ni alloy tripod and CNCs exhibits substantially enhanced catalytic activities and excellent stability toward electro-oxidation of EG. This approach can potentially be extended to other transition metal to generate nanocrystals with high-index facets and thus high activities toward various types of reactions.
